Purpose: The aim of this review is to introduce a novel bone-graft material for hard-tissue regeneration based on the calcium phosphate glass(CPG). Materials and Methods: CPG was synthesized by melting and subsequent quenching process in the system of CaO-CaF2-P2O5-MgO-ZnO having a much lower Ca/P ratio than that of conventional calcium phosphates such as HA or TCP. The biodegradability and bioactivity were performed. Effects on the proliferation, calcification and mineralization of osteoblast-like cells were examined in vitro. Influence in new bone and cementum formations was investigated in vivo using calvarial defects of Sprague-Dawley rats as well as 1-wall intrabony defect of beagle dogs. The application to the tissue-engineered macroporous scaffold and in vitro and in vivo tests was explored. Results: The extent of dissolution decreased with increasing Ca/P ratio. Exposure to either simulated body fluid or fetal bovine serum caused precipitation on the surface. The calcification and mineralization of osteoblast-like cells were enhanced by CPG. CPG promoted new bone and cementum formation in the calvarial defect of Sprague-Dawley rats after 8 weeks. The macroporous scaffolds can be fabricated with 500~800μ m of pore size and a three-dimensionally interconnected open pore system. The stem cells were seeded continuously proliferated in CPG scaffold. Extracellular matrix and the osteocalcin were observed at the 2 nd days and 4 th week. A significant difference in new bone and cementum formations was observed in vivo (p＜0.05).
. Another important use of phosphate glasses is the application as biomaterials based on the calcium phosphate system. The capacity of the human body to regenerate bone components that are lost, damaged or diseased is limited in several situations. Thus synthetic materials to fill bone defects have been developed.
Calcium phosphate materials have some outstanding properties, namely similarity in composition to bane mineral and ostoconductivity. Products in the bone Novel Calcium Phosphate Glass for Hard-Tissue Regeneration graft market based on HA and TCP have been used clinically. However, the success of these materials is limited mainly due to low toughness, low elasticity, low ability to be resorbable and lack of osteogenic properties 2) .
Calcium phosphate glass may offer potential for hard tissue surgery because of their solubility behavior, since their solubility may be controlled by altering their chemical composition [3] [4] . Its similarities in composition to bone and teeth make them ideal candidates. The good bioactivity and compatibility of the phosphate glasses as potential medical materials attracted the attention of scientists in the field of biomedical research in recent years. An idea of application of calcium phosphate glass-ceramics to the dental crown was proposed firstly by Hosono et al. Calcium phosphate glass-ceramics are interesting biomaterials for bone and tooth implants because of their excellent mechanical strength and castability. Since calcium phosphate glass is easily fused and since the melt has a low viscosity, it is considered to be suitable for casting 5) .
The properties that make phosphate glasses candidate for so many different applications are related to their molecular-level structure [1] [2] . The basic building blocks of crystalline and amorphous phosphates are the P-tetrahedra that result from the formation of sp 3 hybrid orbitals by the P outer electrons (3s 2 3p 3 ). The fifth electron is promoted to a 3d orbital where strong π -bonding molecular orbitals are formed with oxygen 2p electrons. These tetrahedra link through covalent bridging oxygens to form various phosphate anions.
The tetrahedral structures are classified using the Q i terminology, where i represents the number of bridg- Another important property of the calcium phosphate glasses is its ability to dissolve some elements, oxides or biological molecules that are insoluble or poorly soluble in glasses of other materials and crystalline compounds. Thus the calcium phosphate glass is believed to be one of the best approaches to obtain materials of great interest for bony defects associated with the release of biological therapeutic molecules.
The calcium phosphate glasses offer significant advantages, compared to the commonly used biodegradable polymers. They are entirely amorphous.
Their degradation rate is predictable and may easily change by altering the composition of the glass 6) .
Synthesis of calcium phosphate glass

Dissolution and bioactivity
We synthesized amorphous calcium phosphate glass (CPG) by melting and subsequent quenching process. They were subsequently quenched onto the graphite plate at room temperature after melting 7) .
In order to determine the crystallinity and crystalline phases of the as-quenched samples, X-ray diffraction analysis was performed using Philips APD 3720 X-ray diffraction apparatus with a fine focus copper target X-ray tube and double crystal monochrometer. There was no crystalline peak up to Ca/P of 0.6 as shown in Fig. 1 . When Ca/P ratio was 0.8, the sample exhibited the Zn 3 (PO 4 ) 2 as well as Ca 2 P 2 O 7 ; the former had disappeared but the latter still remained. Ca2P2O7 phase partially transformed to Ca 4 P 2 O 7 with increasing Ca/P ratio to 1.2. Crystallinity obtained from the XRD peak intensity decreased with increasing Ca/P ratio.
As-quenched samples were also examined by IR analysis. Absorption spectra were collected using a Perkin-Elmer 983G quadruple grating spectrophotometer with scanning range from 4000 to 400 cm -1 after mixing the samples with KBr powder and pressing at 10000 psi in a vacuum. Absorption spectrum with Ca/P of 0.4 showed broad peaks, which is a typical pattern in amorphous glass materials [8] [9] [10] as presented in Fig. 2 . There were five peaks including four fundamental vibration peaks for the phosphate structure. The first vibration peak of phosphate is the asymmetric stretching mode (ν 3) observed in the range of 1230~1390cm -1 , the second vibration peak of phosphate is the symmetric bending mode (ν 4 ) observed in the frequency range of 780~940cm -1 , the third vibration peak of phosphate is the symmetric stretching (ν 1 ) observed in the frequency range of 530~780cm -1 , and the last vibration peak of phosphate is the harmonics of symmetric bending and asymmetric stretching modes (ν 2 ) observed in the range of 470~800cm -1 .
Another peak around 1100 cm -1 is due to F-O in phosphate [8] originating from CaF 2 as a precursor. The IR peak which changed from broad to sharp shape with increasing Ca/P ratio indicates increasing crystallinity in accordance with the XRD results shown in Fig. 1 .
As-quenched samples were reduced either powder less than 10μ m or pellets sized 10×10×1mm using ball milling or low speed saw, respectively. Powders were employed in a dissolution test in buffer solutions and pellets were exposed to the simulated body fluid(SBF) as well as fetal bovine serum(FBS especially it increased the extent of dissolution 11) .
Pellet specimens were kept into both 15 ml of SBF and FBS for one week at 37ﾟC. The surface morphology of the pellets was examined by JEOL 5400 scanning electron microscope(SEM) after a thin layer of gold of a few angstrom was coated in a sputter coater both before and after soaking in SBF. After one week of suspension in SBF or FBS, the change of surface morphology examined by SEM is presented in Fig. 4 .
There was no crystallite on the surface of pellets prior to exposure to SBF or FBS as shown in Fig. 4(a) . Tiny crystallites were formed on the surface of pellets after exposure to SBF as shown in Fig. 4(b) , while the agglomerated larger crystals were precipitated after suspension in FBS as exhibited in Fig. 4(c) . Both crystals were characterized as hydroxyapatite phase by transmission Laue method using H700 Hitachi TEM.
In vitro test
Rectangular pieces of CPG with 10×10×1 mm 3 were employed to in vitro test 12) . Polystyrene in the same They were increased dramatically till the 4 th day and the growth rates were somewhat diminished after the 4 th day. At every incubation period, there was no significant differences between the experimental and control groups (p＞0.05). It is suggest that this reduction was not attributed to the toxicity of the prepared calcium phosphate glass, but might be due to the insufficient space of the petri dishes, because the control group also exhibited the same phenomenon, which is well known to be noncytotoxic. Hunter et al.
reported that the major factor controlling the proliferation rate of the osteoblast cells was the form of cell adhesion, so the reduction of the cell proliferation rate was observed when the cell shape was changed to a spheroid form 15) . In this study, the cell shape was period is thought to be a transition point from the first stage to the second stage.
2) Effect on alkaline phosphatase activity
In order to evaluate the differentiation of MC3T3-E1 cells quantitatively, alkaline phosphatase(ALP) activity was determined by the method of The experimental and control groups exhibited maximum value at the 12 th and 8 th days, respectively. The activities in the control group at both the 8 th and 10 th days were significantly higher than at other days (p ＜0.05) and there was no significant differences in the activities among the other days (p＞0.05). The activities in the experimental group at both the 10 th and 12 th days were significantly higher than at other days (p＜0.05). At the same incubation time, the experimental group showed higher activity than in the control group during 10~18 th days (p＜0.05).
Alkaline phosphotase activity was increased till the 8 th day, while it was decreased in the control group.
In the experimental group, alkaline phosphotase ac-tivity was increased up to the 8 th day, similar to the control group, but it was significantly higher than that of the control group during the period from the 10th to 14th days (p＜0.05). The maximum activity in the experimental group was observed at the 12 th day, after which the activity abruptly decreased. Therefore the 8 th day is thought to be a transition point from the second stage to the third stage. Gerstenfeld et al. 19) and Siffert 20) reported that alkaline phosphatase activity is associated with the maturation of the matrix, but its major role is cell metabolism before bone formation. Another reported role of alkaline phosphatase activity is the formation of bone matrix before the crystallization of the calcium and phosphate ions.
The activity is decreased once the calcification starts.
The period showing the maximum activity depends on the condition of culture, such as the type of media, and the type and concentration of the enhancing agent for calcification, and the cell concentration in the initial cultivation. According to the reports by El-Ghanuam et al. 21) and Itakura et al. 22) the activity exhibited the maximum at the 10th day, while it was gradually increased till the 31 st day according to Quarles et al. 14) Although the results in this study could not be compared directly with those of previous reports, it should be observed that a greater amount of bone nodule was formed in the experimental group than in the control group.
3) Effect on mineralized bone-like tissue formation
After the cell culture which is plated in petri dishes of 100mm diameter reached confluence, i.e. 2.0×10 cells/cm 2 , incubated was continued in the differentiation medium for 21 days in a humidified 5% CO2 balanced-air incubator at 37ﾟC. On day 7, 12, 17 and 21, the cultures in the plates were rinsed using an ice-cooled phosphate buffer saline and fixed with 95% ethyl alcohol. They were stained for 1 hr with 0.1%
Alizarin red S (Sigma, MO, USA) to detect the calcium precipitates and followed by subsequent staining with 0.1% light green SF yellowish (Sigma, MO, USA) for 30min to detect the collagen fiber 15) . After rising with 0.1% acetic acid and ethanol, the dual-stained samples were observed under light microscope and the representative pictures were photographed.
Based on the appearance of MC3T3-E1 cells under optical light microscopy, various stages were identified. As shown in Fig. 8 , these were composed of growth stage in Fig. 8(a) , confluent monolayer stage in Fig. 8(b) , and multilayer stage with nodule formation in Fig. 8(c) . In order to determine the time of nodule formation, cells were stained with Alizarin red S.
Microscopic examinations were carried out after double-staining with Alizarin red S and light green SF yellow to identify the bone nodule formation.
MC3T3-E1 cells grew in a mono layer with a similar
shape to the fibroblast cells at the beginning, after which the nodule was formed with multiple layer cells, and finally calcification of the extracellular matrix started. The high alkaline phosphotase activity was investigated in the beginning stage of the nodule formation at the same time. The light green SF yellow is an alkaline staining reagent and is generally used for common cell staining. Alizarin red S is widely used in the study of tissue structure associated with calcium due to its selective calcium binding ability 23) . Since two moles of calcium ions quantitatively bind to a mole of Alizarin red S reagent 24) , this staining method This membrane is considered to be cross-linked collagen fibers originated from the extracellular matrix of the MC3T3-E1 cells 21) . A greater number and quantity of the mineralized bone-like nodules could be ob- 
full-thickness flap including the periosteum was reflected, exposing the calvarial bone. Then, a critical-sized (8mm in diameter) circular and transosseous defect, which implies that the defect does not heal by itself during the lifetime of the animal, was created on the cranium using a saline-cooled trephine drill.
In addition, we used calvarial defects that had previously been proven to be good models for investigating the effects of bone-graft materials. Freeman and
Turnbull were the first to attempt the study of critical-sized defects in rat calvaria 27) . Tagaki 30) . Also, 8mm trephine calvarial defects in rats have been shown to be critical-sized defects [28] [29] [31] [32] .
Extreme care was used to avoid injury to the dura mater 29) . Each defect was filled with a constant weight of 0.5g CPG powder, having a mean diameter of 40μ m, mixed with saline in the experimental group. As a control, the defect was left empty. The incisions were closed with absorbable sutures. 2, 4 or 8 weeks postsurgery, the animals were sacrificed by CO 2 asphyxiation; they were operated-on and the craniums were carefully dissected free of soft tissue. The craniums were immediately placed into vials and fixed in 10% neutral-buffered formalin for 10 days.
1) Radiodensitometric analysis
All samples were radiographed using a dental X-ray unit (Digora, Soredex, Orion Co., Helsinki, Finland)
with an exposure time of 0.1 seconds (70kVp, 7mA).
The relative bone density of each radiograph was de- Then the remaining calcium phosphate glass was sintered for 2hr at various temperatures from 650 to 850 ﾟC. The full procedure listed above was repeated twice to thicken the framework of the porous block.
2) Histological observation
Photographs of the polymeric sponges after infiltration of the calcium phosphate glass slurry with various contents of the calcium phosphate glass powder and PVA using an optical microscope are represented in Fig. 17 . When the content of the calcium phosphate glass powder was lowest as 10wt%, a thin film of the slurry clogged the pores. This was due to its low surface tension. With increasing the content of the glass powder up to 25wt%, the thin film formation was eliminated, however, the viscosity of the slurry was still low. When the content of the glass powder was fixed, coating efficacy was improved with increasing the binder content. The best condition for homogenous-thick coating of the slurry in this study was 40wt% glass powder and 8wt% binder. This clogged pore phenomena could be also observed using a scanning electron microscope S4200, Hitachi, Japan), as is shown in Fig. 18 .
PVA is used as a binder and a large amount of slurry could be coated onto the sponge as the PVA content was increased for the same powder concentration. This is because of the relatively higher powder concentration in the slurry and an increased thixotrophy are available as the PVA content is increased. For example, in case of powder concentration of 40wt% with 2wt% PVA (a relatively low binder content), the slurry coated onto spongeʼs surface seemed to be slightly separated into agglomerated particles and water. This is thought to happen because the added amount of binder is not enough to surround each particle effectively and also, a much higher thixotropy is required.
When increasing the binder content up to 8wt%, this enabled an effective envelopment of particles and a homogeneous slurry coating behavior.
The next step for the porous scaffold fabrication is drying. Without DCCA, lots of cracks were formed and the surface of the coated film was very rough and heterogeneous, as is exhibited in Fig. 19 . The surface was much smoother and more homogeneous with 5wt% DMF as the DCCA. However, the cracks were still present. When the addition of DMF increased up to 10 wt%, you can see the absolutely prevention of crack formation during the drying process.
The final step for scaffold fabrication is the heat-treatment. The role of heat-treatment is to eliminate the polymeric sponge and organic additives at a temperature of around 600ﾟC. After that, the remaining calcium phosphate glass was sintered at various temperatures from 650 to 850ﾟC, as is shown in The slurry was prepared in an aqueous system including water, and defects like cracks on the slurry coating layer may occurred on drying due to abrupt and large shrinkage caused from the high surface tension of water. In a process using a polyurethane sponge for porous ceramics, it is known that these microcracks on the coating layer may appear from a non-uniform coating thickness, the presence of a locally un-coated layer, the difference in coefficient of thermal expansion between polymeric sponge and the coated layer, the vapor pressure generated by sponge evaporation on firing or the residual internal stress due to the drying [35] [36] .
These are the reasons microcracks need to be controlled; otherwise, the mechanical strength will be considerably decrease due to them [37] [38] . In order to control these cracks, various organic additives can be added as a DCCA. Of these additives, DMF is a very good candidate because of its lower surface tension and higher evaporation temperature when compared to those of water. Therefore, though the water evaporates on drying, DMF can be still remained between the particles and moderate local surface tension of the coating layer to prevent abrupt shrinkage, and so the microcracks can be eliminated. It was shown that microcracks did not appear with 10wt% of DMF.
As-dried calcium phosphate porous glass specimens are crystallized and sintered by heat-treatment. The determined glass transition temperature of the glass powder was 595ﾟC for setting up at an optimum heat-treatment temperature. The prepared porous samples were heat-treated at different temperatures ranging from 650 to 850ﾟC. The specimen fired at 650ﾟC showed gray color, which means that there are some remains of the sponge or additives. In contrast, sintering at 850ﾟC enabled the specimens to be white porous glass with a dense microstructure of struts; this was thought to be the optimum firing temperature.
We repeated this process to thicken the frames of the scaffold. After sintering at 850ﾟC, slurry was in- as is shown in Fig. 23 Figure 19 . SEM photographs show the polyurethane ester sponge foams after infiltration and subsequent drying at 60ﾟC with various content of dimethyl formamide. (a; 0wt%, b; 5wt%, c; 10wt%) 
In vitro test
In order to evaluate the cell affinity of the calcium phosphate glass scaffold in vitro, human mesenchymal stem cells(hMSCs) was cultured within the calcium phosphate glass scaffolds. Commercial HA scaffold was employed as a control in this experiment 40) . Typical SEM photographs of the calcium phosphate glass scaffold and HA scaffold are represented in Fig. 24(a) Figure 28 . Surgical sections of the experimental group after 6 weeks (a; ×4, b; ×10, c; ×20).
In vivo test
Six male adult beagle dogs were used in vivo test of the calcium phosphate glass scaffold 41) . Fig. 32(c) .
The results of the histomorphometric analysis were summarized in Table 1 . The experimental group demonstrated that the significant greater gain in the bone regeneration as well as the cementum regeneration. The calcium phosphate glass scaffold resorbed and was subsequently replaced to bone tissue. This process is dynamic reconstructive healing process for bone transplantation, as it is called"creeping substitution" 42) . The resorption of the calcium phosphate glass may be the result of cell mediated phagocytosis of biologic chemical dissolution, or both 43) . Nery et al. reported the combination of Ca/P in the ceramic implant enhanced repopulation of cells, new periodontal tissue attachment, and bone regeneration within the space of a periodontal osseous defect 44) . It has been hypothesized that the biphasic nature of this ceramic provides two basic functions; i) initiates cell growth and differentiation, and ii) acts as a scaffold for cell maturation and bone formation;
i.e., having the property of osteoinductivity 45) .
In summarize, the calcium phosphate glass scaffold demonstrated the beneficial effects to 1-wall intrabony defects of beagle dogs. Based on the histological results, the calcium phosphate glass scaffold successfully functioned as an osteoconductive scaffold for invading cells of host. Figure 31 . Surgical sections of the control group with magnification of (a) ×20 and (b) ×200.
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